Approximately 10% of cases of amyotrophic lateral sclerosis (ALS), a progressive and fatal degeneration that targets motor neurons (MNs), are inherited, and Ϸ20% of these cases of familial ALS (FALS) are caused by mutations of copper͞zinc superoxide dismutase type 1. Glutamate excitotoxicity has been implicated as a mechanism of MN death in both ALS and FALS. In this study, we tested whether a neuroprotective strategy involving potent and selective inhibitors of glutamate carboxypeptidase II (GCPII), which converts the abundant neuropeptide N-acetylaspartylglutamate to glutamate, could protect MNs in an in vitro and animal model of FALS. Data suggest that the GCPII inhibitors prevented MN cell death in both of these systems because of the resultant decrease in glutamate levels. GCPII inhibition may represent a new therapeutic target for the treatment of ALS.
A myotrophic lateral sclerosis (ALS) is a progressive and fatal degeneration of motor neurons (MNs) in the spinal cord and cerebral cortex. About 10% of ALS cases are inherited in an autosomal dominant fashion, and Ϸ20% of these cases of familial ALS (FALS) are caused by a mutation in copper͞zinc superoxide dismutase type 1 (SOD1) (1) . Mice and rats that carry mutant (MT) SOD1 as a transgene manifest a progressive MN degeneration similar to that in patients with ALS (2) (3) (4) . Several lines of evidence suggest that glutamate excitotoxicity is a pathogenic mechanism in both sporadic ALS and FALS (5) (6) (7) (8) (9) (10) (11) (12) (13) .
N-acetylaspartylglutamate (NAAG) is one of the most abundant peptides in the mammalian central and peripheral nervous system (14) , is present in neuronal vesicles, is released from neurons in a calcium-dependent manner, and functions as a high-affinity agonist at the group II metabotropic glutamate receptor subtype 3 (mGluR3). Activation of mGluR3 by NAAG has been shown to inhibit glutamate release (15) , increase release of transforming growth factor ␤ (TGF␤) from glial cells, and provide neuroprotection (16) . NAAG is hydrolyzed to N-acetylaspartate and glutamate by glutamate carboxypeptidase II (GCPII) (EC 3.4.17.21; also termed N-acetylated-␣-linked acidic dipeptidase or NAALADase; ref. 17) , an enzyme localized on the plasma membrane of glial cells with its catalytic region facing the synapse (18) . Therefore, inhibition of GCPII would be expected to provide neuroprotection by means of both decreasing glutamate and increasing NAAG (19) .
We hypothesized that GCPII inhibition would protect MNs expressing MT SOD1 from cell death, as well as ameliorate the MN degeneration seen in FALS transgenic mouse. For in vitro studies, we used 2-(phosphonomethyl)pentanedioic acid (2-PMPA), a potent and selective GCPII inhibitor (K i ϭ 0.2 nM; ref. 20 ) that has been shown to selectively reduce ischemic glutamate and provide neuroprotection in cell culture and animal models of ischemia (19) , diabetic neuropathy (21) , and drug abuse (22, 23) . For the animal studies, we used a recently discovered thiol-based GCP II inhibitor, 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA) (24) . Unlike 2-PMPA, 2-MPPA is orally bioavailable (fraction of the administered dose systemically available ϭ 65-85%), offering an advantage over 2-PMPA in animal studies that require long-term daily dosing. Our studies showed that the GCPII inhibition prevented MN cell death both in vitro and in vivo, probably because of the effect on the level of glutamate.
Methods
Materials. 2-PMPA (20) and 2-MPPA (24) were synthesized as described previously. (ϩ)-MK801 hydrogen maleate (MK801), (2S)-␣-ethylglutamic acid (EGLU), and 6-cyano-2,3-dihydroxy-7-nitroquinoxaline (CNQX) were obtained from Tocris Cookson; TGF␤ and anti-TGF␤ from Sigma; radiolabeled NAAG from Perkin-Elmer; and Hoechst 33342 from Molecular Probes.
MN͞Glia Cultures and Adenovirus (AdV) Transduction. MNs were isolated and cultured from rat embryos according to previously described methods (25) with some modifications. In brief, a ventral portion of spinal cord was dissected from 14-day-old Holtzmann rat embryos, and MNs were purified by centrifugation on a 6.5% metrizamide (Sigma) cushion. MNs were planted on poly-L-lysine͞laminin-coated glass coverslips for 2 h; coverslips were then incubated facing down in a 60-mm Petri dish that had a previously planted glial feeder layer. MN growth medium consisted of DMEM (Invitrogen) supplemented with D-glucose (4.5 mg͞ml), Hepes buffer (12.5 mM), N2 supplement (1%, Invitrogen), chicken egg albumin (1 mg͞ml, Sigma), chicken embryo extract (5%, Invitrogen), and gentamicin (0.01%, Invitrogen). Immunohistochemical analysis of the MN cultures showed that they were generally Ͼ95% pure. For the infection, six or seven coverslips containing MNs were removed from the feeder layer 7-8 days after culture and placed so that the MNs faced up in a 60-mm culture dish containing 2.5 ml of medium. An aliquot of CsCl gradient-purified AdV (26) was then added for 2 h at a multiplicity of infection of 5,000 plaque-forming units This paper was submitted directly (Track II) to the PNAS office.
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per cell (assuming 1.5 ϫ 10 4 neurons per seven coverslips). Mock-infected cultures were treated identically except that they received no virus. Coverslips were then returned to the culture dish. This usually resulted in Ͼ95% of cells being transduced.
Drug Treatment. Half of the growth medium was replaced with phosphate-free growth medium 1 day before AdV infection and again after AdV infection, when one or more of the following were added: 2-PMPA (10 M); MK801 (0.2 M); CNQX (100 M); EGLU (100 M), anti-TGF␤ antibody (10 g͞ml).
Cell Viability Determination. Cell viability was determined by Hoechst 33342 staining (26) 3-5 days after drug treatment. Both live and dead cells were counted from 6-10 randomly selected fields per coverslip by using fragmentation of the nuclear morphology and the presence of chromatin clumps as a measure of cell death. Cell death was presented as percent survival of MNs after normalization of values to mock-transduced cells.
NAAG Analysis. MN͞glia were cultured as described above and . Undissolved particles were removed by ultracentrifugation at 100,000 ϫ g for 30 min at 4°C. Samples were analyzed for NAAG and glutamate on a Packard HPLC Radiomatic detector by using an anion-exchange column (ES Industries, West Berlin, NJ) with a 0.1 M KH 2 PO 4 ͞0.1 M KCl (pH 4.5) mobile phase at 1.5 ml͞min flow rate (27) .
Measurement of TGF␤.
Medium was collected from mock-and AdV-transduced MNs after a 3-day exposure to 2-PMPA and AdV transduction. An ELISA based on the manufacturer's protocol (Promega) was used to measure the amount of TGF␤.
Animal Studies. Starting from 37-39 days of age, low expressor G93A FALS transgenic mice received a daily oral dose of either 2-MPPA (30 mg͞kg in a volume of 10 ml͞kg) or a similar volume of vehicle. G93A FALS transgenic mice were kept in individual cages and allowed a regular diet and water ad libitum. Clinical signs were monitored over time by a rater who was blinded to the treatment as previously described (2) .
In a separate experiment, G93A FALS transgenic mice were given daily treatment with 2-MPPA or vehicle as detailed above and then killed by total body perfusion with freshly prepared, chilled 4% paraformaldehyde on days 164, 183, 206, 241, and 260. The spinal cord was dissected out and cross sections along its entire length were postfixed in the same fixative for an additional hour and then osmicated and processed for Epon embedding. One-micrometer-thick Epon-embedded sections were cut, stained with toluidine blue, and processed for histopathological changes under light microscopy.
Results

GCPII Inhibition Protects MN͞Glia Cultures from MT SOD1-Induced Cell
Death. To determine whether GCPII inhibition decreases cell death induced by MT SOD1, we measured the viability of MNs transduced with AdV expressing ␤-galactosidase (AdLacZ), WT SOD1 (AdSODWT), or MT SOD1 (AdSODA4V) in the presence or absence of 2-PMPA. AdSODA4V caused significant cell death compared with mock-, AdLacZ-, and AdSODWTtransduced cells (P Ͻ 0.001; n ϭ 3; Fig. 1A ). After treatment with 2-PMPA (1 nM to 10 M), there was a statistically significant increase in survival of MNs expressing AdSODA4V (P Ͻ 0.001; Fig. 1B ) with no effect on viability of the other transduced MNs (Fig. 1 A) . Similar results were found after terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining (data not shown).
GCPII Inhibition Decreases Levels of Glutamate and Increases Levels of
NAAG in MN͞Glia Cultures. 2-PMPA is expected to inhibit the hydrolysis of NAAG into glutamate and N-acetylaspartate (20) . To validate this activity in the MN͞glia cultures, we used radiolabeled NAAG to test whether 2-PMPA added to the cultures altered glutamate and NAAG levels. The percent of glutamate and glutamate metabolites derived from exogenously added radiolabeled NAAG decreased in cultures after administration of 2-PMPA, whereas the percent of NAAG remaining unhydrolyzed significantly increased (Table 1) . These findings confirmed the inhibitory effect of 2-PMPA on GCPII in our cultures.
GCPII-Mediated Protection of MN͞Glia Cultures from MT SOD1-Induced Cell Death Is Not Mediated by the Group II mGluR and Does
Not Involve TGF␤. The administration of 2-PMPA is predicted to increase levels of NAAG, which can act as an mGluR3 agonist.
To determine whether this action of 2-PMPA is responsible for its neuroprotection, we tested whether administration of EGLU, an antagonist of group II mGluRs, decreased the rescue seen with 2-PMPA. We found that 100 M EGLU did not alter the ability of 2-PMPA to protect MNs from MT SOD1-induced cell death ( Fig. 2A ).
To further assess the possible role of NAAG in protecting against MT SOD1-induced cell death, we investigated the role of TGF␤ in the rescue, because activation of mGluR3 protects neurons against N-methyl-D-aspartate (NMDA) toxicity through a release of TGF␤. This issue was of special interest because the neuroprotective effect of 2-PMPA against in vitro and in vivo ischemic injury was found to involve TGF␤ (28) . We measured the level of TGF␤ 3 days after transduction with AdSODA4V and treatment with 2-PMPA. There was no significant change in the level of TGF␤ in MN͞glia cultures in any of the conditions (Fig. 2B) . In addition, treatment of MNs with antibody directed against TGF␤ (anti-TGF␤) after transduction with MT SOD1 failed to significantly reverse the neuroprotective effect of 2-PMPA (Fig. 2C) . These results demonstrated that the rescue by 2-PMPA of MNs from MT SOD1-induced cell death was not mediated by TGF␤.
MT SOD1-Induced Cell Death Is Decreased by Blocking Glutamate
Excitotoxicity. 2-PMPA blocks the hydrolysis of NAAG into N-acetylaspartate and glutamate. A 2-PMPA-mediated decrease in glutamate would be expected to decrease excitotoxicity at the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and͞or NMDA receptor. We therefore tested whether antagonists of glutamate receptors affected MT SOD1-induced MN death (Fig. 3) . We found that treatment with 100 M CNQX, an antagonist at AMPA receptors, or 0.2 M MK801, an NMDA receptor antagonist, protected MNs from MT SOD1- induced cell death (P Ͻ 0.001, n ϭ 2; Fig. 3 ). These results suggested that cell death induced by MT SOD1 was at least partly mediated by glutamate excitotoxicity through either AMPA or NMDA receptors. The data support the hypothesis that 2-PMPA is neuroprotective by decreasing the level of glutamate available to act at these receptors. 
GCPII Inhibition Delays Onset and Slows the Progression of Disease in FALS Transgenic
Mice. To further assess the efficacy of GCPII inhibitors in altering FALS, we administered 2-MPPA, which has an enhanced oral bioavailability compared with 2-PMPA. SODG93A transgenic mice received either 2-MPPA or vehicle on a daily basis and clinical signs were measured weekly. In mice treated with 2-MPPA there were statistically significant delays in onset for all of the clinical endpoints measured except for shaking of limbs (Fig. 4A) . Additionally, there was a statistically significant prolongation in median survival, from 190 days in the vehicle-treated group to 219 days in the 2-MPPA-treated group (⌬ ϭ 29 days, a 15% increase in the mean life span; P ϭ 0.0059; Fig. 4B ).
FALS Transgenic Mice Treated with a GCPII Inhibitor Have Few
Neuropathological Abnormalities. In a separate experiment looking at pathological endpoints, one animal from each treatment group was killed on days 164, 183, 206, 241, and 260 (Fig. 4C) . No abnormalities were seen on day 164 in either group (data not shown). On day 183, minimal changes were seen in the treated animal, with a few small vacuoles in the spinal cord anterior horns. At the same time point, changes in the untreated animal, although mild, were definitely more noticeable, because vacuoles were more numerous and larger, especially in axons projecting to the anterior root zone. At day 206, both control and treated animals showed mild spongy changes in the anterior horns; however, the untreated animal showed more severe changes. At day 241, differences between treated and nontreated animals were more striking. The untreated animal showed severe depletion of neurons in the anterior horns with reactive astrocytosis. Anterior and lateral columns also showed mild to moderate axonal degeneration. The treated animal, on the other hand, showed a normal population of large MNs and mild alterations in the neuropil with mild vacuolar changes. At day 260, differences between treated and untreated animals were very pronounced. The untreated animal again showed severe neuronal depletion and astrocytosis in the anterior horns. In addition, white matter changes consisting of axonal degeneration and accumulation of myelin debris in anterior and lateral columns were severe, as previously described (29) , whereas the treated animal showed only modest vacuolar changes in the neuropil with normal neuronal populations.
Discussion
A role for glutamate excitotoxicity in MN death has been proposed in both sporadic ALS and FALS (8) . Abnormalities of the EAAT2 transporter have been described in sporadic ALS (7) as well as FALS transgenic mice (9) and rats (4). Elevated levels of glutamate have been reported in the plasma and cerebrospinal fluid of ALS patients (5, 6). The FALS transgenic mouse has a greater elevation in levels of glutamate than WT mice after treatment with a glutamate reuptake inhibitor and NMDA (10) . In addition, riluzole, a drug that interferes with glutamate neurotransmission, has been shown to increase survival of FALS transgenic mice and ALS patients (12, 13, 30) . Despite these known relationships, it is not clear how the etiology of ALS is linked to abnormalities in the glutamate system that lead to neuronal degeneration.
NAAG is one of the most abundant neuropeptides in the mammalian nervous system (14) and is highly concentrated in the spinal cord neurons, including MNs and interneurons as well as spinal sensory neurons (31) . Neuronally released NAAG is hydrolyzed to liberate free glutamate by the enzyme GCPII, which is located on the external surface of glial cells (18, 32) . In ALS patients, NAAG levels are significantly elevated in cerebrospinal f luid and decreased in spinal cord tissue (33) . In addition, GCPII activity is selectively upregulated in motor cortex and the ventral column of the spinal cord in ALS (31) . These data raise the possibility that increased NAAG release and subsequent cleavage by elevated GCPII could be involved in the generation of excitotoxic glutamate in ALS. If this possibility is true, this excitotoxic state should be amenable to treatment by GCPII inhibition. Inhibiting the liberation of glutamate from NAAG should be protective, especially given the evidence of abnormal glutamate uptake (7, 8) . In addition, GCPII inhibitors would also increase the level of NAAG. Increasing NAAG levels by blocking hydrolysis may be neuroprotective by activating group II mGluR3 (16) . Therefore, GCPII inhibitors may be neuroprotective by means of two distinct mechanisms: by decreasing local glutamate levels and through the increase in NAAG (19) . In support of these hypotheses, GCPII inhibitors have been found effective in animal models of a variety of insults in which glutamate excitotoxicity has been implicated, including ischemia, diabetic neuropathy, chronic pain, and drug abuse (19, 21, 23, 28) .
Recent studies employing mice in which the GCPII gene has been deleted (34) reveal a small but significant residual NAAGhydrolyzing activity. In our laboratory, we have found that this residual NAAG-hydrolyzing activity is also inhibited by nanomolar concentrations of 2-PMPA and 2-MPPA. Therefore it is possible that the effects of the GCPII inhibitors used in these studies could be through inhibition of other NAAG-hydrolyzing enzymes in addition to GCPII.
GCPII inhibition is especially attractive as a therapeutic target because the effects occur only during excessive glutamate stimulation. Lieberman and colleagues (35) have shown that GCPII-mediated hydrolysis of NAAG is constitutively quiescent and is induced selectively by nerve stimulation. Using microdialysis, we have shown that GCPII inhibition does not affect basal glutamate but selectively decreases the rise in extracellular glutamate after a pathological insult, e.g., stroke (19) . If this selectivity for affecting excess glutamate holds true in clinical situations, GCPII inhibition may represent a neuroprotective mechanism devoid of glutamate receptor antagonist side effects. GCPII inhibitors have, in fact, been shown to be generally free of behavioral effects in normal animals even at doses many times those that are effective in animal models of disease (19) .
In the studies described, we show dramatic neuroprotection with GCPII inhibitors after expression of MT SOD1 both in FALS transgenic mice as well as cultured primary MNs. The incubation period of the FALS transgenic mice treated with 2-MPPA was prolonged compared with untreated mice. In addition, 2-MPPA delayed mortality and pathological abnormalities, with as robust an effect as has been reported in other studies (36, 37) . Similar results were obtained in a preliminary study with a structurally distinct GCPII inhibitor termed GPI 5232,** providing additional evidence that the mechanism for neuroprotection involved an inhibition of GCPII activity.
We also found that the potent and selective GCPII inhibitor, 2-PMPA, significantly decreased death induced by MT SOD1 in MN͞glia cultures at concentrations comparable to its K i for GCPII inhibition. The effect of 2-PMPA was not mediated by the increased NAAG levels acting at the group II mGluR because the effect did not decrease in the presence of the mGluR group II antagonist EGLU. In addition, there was no evidence that TGF␤ played a role in the neuroprotection because there was no change in the level of this cytokine during administration of 2-PMPA and because there was no effect on the protection mediated by 2-PMPA after administration of **Slusher, B. S., Wozniak, K. M., Hartman, T., Jada, P., Chadran, M. & Dal Canto, M. (2000) Soc. Neurosci. Abstr. 26, 110.
anti-TGF␤ antibody; this finding contrasts with that reported for the action of 2-PMPA in an ischemia model (28) . NAAG is already elevated in the cerebrospinal f luid of patients with ALS, so that the primary neuroprotective mechanism of 2-PMPA related to MT SOD1-induced MN death may be one involving limiting glutamate when glutamate uptake is abnormal.
A role for the AMPA receptor rather than the NMDA receptor in mediating glutamate excitotoxicity of MNs has been stressed (8, (38) (39) (40) (41) . Our results showing protection of MNs from MT SOD1-induced cell death through treatment with either CNQX, an antagonist of the AMPA͞kainate receptor, or MK801, an antagonist of the NMDA receptor, suggest that glutamate excitotoxicity plays a role in MT SOD1-induced MN death and that this excitotoxicity is mediated by both the AMPA and NMDA receptors.
In summary, our studies demonstrate the efficacy and mechanism of action of GCPII inhibition in MT SOD1-induced MN death. Our findings provide support for glutamate excitotoxicity as playing a role in this cell death and identify GCPII inhibitors as attractive candidates for clinical treatment trials in ALS.
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